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Objective:

The development of vertical cavity lasers (VCL) for the application to free-space
interconnects has been proposed. The need for such free-space interconnects arises from
the demand for high-speed data transmission between parallel signal planes.
Conventional methods for accomplishing high-speed data transmission suffers from the
high power required to drive the transmitter laser array, and the lack of a 2-dimentional
geometry leads to scalability problems for an in-plane laser array. In order to keep the
laser power consumption low the threshold current of the lasers should be less than 100
pA. Furthermore, the density of transmission elements must be increased in order to
increase the transmission bandwidth.

In order to reduce the power requirement of the lasers, the size of the laser must be
reduced. Unfortunately, several problems arise which prohibit the ideal scaling of the
VCL size to small dimensions, these being, optical scattering loss and carrier diffusion
loss. The optical and carrier based loss mechanisms can be addressed and the ideal VCL
scaling can be approached. Through novel VCL design and processing, loss mechanisms
can be reduced and the efficiency of the of the device can be greatly increased. This is
essential for the application to VCL based interconnects.

The VCL is ideal for the application to free-space interconnects due to the natural 2-
dimentional array formation. Furthermore, the VCL emission wavelength can be tailored
to allow for wavelength division multiplexing (WDM) type transmission which will
greatly increase the transmission bandwidth.

Status of Effort:

With the end of the AASERT program drawing near the focus of the effort has involved
archiving the accomplishments of this work in the technical literature. With this in mind,
this report will draw on the well documented results found in the technical literature.
Four full length technical papers are included and referenced as appendices 1-4. The
balance of this report will introduce the results of each of the included technical papers.

The first appendix involves the application of novel VCL design and processing achieve
scaleable VCLs. That is, to reduce the size of the VCL to reduce power consumption and
achieve dense 2-dimensional arrays. In order to achieve such small VCL dimensions it is
necessary to eliminate carrier diffusion in the active region. A novel quantum well
intermixing method has been successful in fabricating AlGaAs-GaAs VCLs. The goal is
to achieve 100 meV of confinement in InGaAs-GaAs active regions while simultaneously
adhering to a design that eliminates size-dependent optical losses and current spreading.
Achieving this goal should result in significant improvement in the threshold current and
efficiencies since the majority of the threshold currents a small VCL is lost to carrier
diffusion.



The second appendix investigates the application of a novel multiple-wavelength optical
data link. The link utilizes a monolithically integrated multiple-wavelength VCL array
and a narrow-band resonant-cavity photodetector array to transmit multiple channels of
information simultaneously. A detailed analysis on wavelength tuning and threshold
characteristics of different laser cavity designs in presented. On the receiver part, both
Schottky and p-i-n photodetectors with a single- or coupled-cavity structure are
discussed. A novel p-i-n resonant-cavity photodetector design with a partially oxidized
front mirror for linewidth control is proposed. Moreover, preliminary measurements of
the optical link utilizing the multiple-wavelength VCL array and photodetector array
have been performed.

Appendix three outlines a novel post growth processing technique to tune the cavity of
the VCL thereby controlling the wavelength. The technique involves the combined
lateral-vertical oxidation of AlGaAs as a means of tuning the resonant wavelength of the
semiconductor microcavity after the epitaxial growth. It is shown that this technique can
provide arrays with a wavelength spread equal to the cavity's free spectral range with a
single postgrowth processing step. Design issues for multiple-wavelength VCL arrays
using this postgrowth tuning technique are discussed. Experimental results are presented
on arrays with a 48-nm lasing span around 970 nm are included.

The fourth appendix involves the crosstalk associated with multiple-wavelength VCL
arrays under RF modulation. These arrays consist of eight bottom-emitting VCLs
arranged with a "pie"-like configuration within a 60-um diameter circle with a 3-um
spacing. The crosstalk is minimized by flip-chip mounting the array and introducing a
proper bias condition. The crosstalk observed in the adjacent VCLs is less than -40 dB at
the modulation frequency below 700 MHz and increases at 20 dB/decade above this
frequency when both VCLs are biased at S mA.
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Interdiffused Quantum Wells for Lateral
Carrier Confinement in VCSEL'’s

Ryan L. Naone, Member, IEEE, Philip D. Floyd, Member, IEEE, D. Bruce Young,
Eric R. Hegblom. Member. IEEE, Timothy A. Strand.
and Larry A. Coldren, Fellow, IEEE

(Invited Paper)

Abstract— We show that it is necessary to eliminate carrier
diffusion in the active region for viable vertical-cavity lasers
(VCL’s) with small dimensions. However, methods that work well
in reducing lateral carrier leakage in narrow ridge-waveguide
lasers such as silicon induced disordering may be problematic
in VCL structures. Encouraging results from novel methods for
impurity free intermixing for VCL applications are presented.

Index Terms— Quantum-well intermixing, semiconductor de-
vice fabrication, surface emitting lasers.

I. INTRODUCTION

ERTICAL-CAVITY laser (VCL) performance has im-
proved by employing current confinement and optical
waveguiding techniques. Early on, apertures defined by air [1]
and oxide [2], [3] were shown to be very effective in constrict-
ing the current within the lasing mode. Furthermore, it was
realized that the aperture provided optical confinement as well
[4]-[7]. Devices originally using apertures formed in one of the
A/4 (=80 nm) distributed Bragg reflector (DBR) layers could
be scaled down to about 8 um in diameter before the threshoid
current density began to increase significantly. Excess size-
dependent losses due to optical scattering off of these thick,
abrupt apertures prevented the smaller devices from lasing [6].
Simple reduction of the aperture thickness reduced the optical
scattering losses thereby significantly improving the scalability
of the threshold current and wallplug efficiency [8]-[10]. As
shown in Fig. 1, by tapering the edge of the aperture {11] a
more lens-like element is created which virtually eliminates
the scattering losses [12].
Having passed through the aperture, the current is free to
. spread before reaching the active region, and once in the
active region, injected carriers are free to diffuse radially.
Both mechanisms result in more current required to attain
threshold. In devices with negligible scattering losses, more
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Fig. 1. Excess optical loss versus radius comparing A/+ abrupt oxide
aperture, 200-A abrupt oxide aperture, tapered oxide aperture at null. The
values extracted from measured external differential efficiencies show that
optical scattering and diffraction losses have been virtually eliminated for the
tapered aperture device.

than half of the threshold current is lost to current leakage
even at diameters of 8 pum [13]. When the aperture is m« -
to a low doped region closer to the active region (=20 ni:.
current spreading can be reduced, and carrier leakage due to
lateral diffusion dominates with more than half of the current
wasted to carrier leakage at diameters of 6 um as shown in
Fig. 2.

In this paper, we summarize the magnitude of these current
loss mechanisms and suggest that QW intermixing can be used
to reduce such losses. Various approaches of allowing QW
intermixing are reviewed, and new resuits are presented for
use in VCL structures.

II. SIGNIFICANCE OF CARRIER LEAKAGE

Excess threshold currents due to current spreading under
the oxide and radial diffusion of carriers in the active region
both scale linearly with device radius in the range of sizes
considered here [13], [15]. Thus, in the absence of optical
losses it is difficult to determine the dominate current leakage
mechanism by finding the size dependence of the threshold
current alone.

1077-260X/98$10.00 © 1998 IEEE
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Fig. 2. The squares denote experimental threshold currents for the tapered
oxide aperture devices. Assuming that optical losses have been eliminated
from the tapered oxide aperture devices, the dashed curve shows the theoretical
minimum threshold current extrapolated from the value of the 17-pm radius
device. However, the excess threshold currents shown are attributed mainly
to carrier leakage.

The radial dependence of 2-D current density in a VCL can
be written by J(r) = —J.(r)3 + J.(r)7. Under the aperture
we assume that the current distribution is uniform along the
Z direction so we can replace all the quantum-well (QW) and
undoped separate confinement heterostructure (SCH) layers by
a single carrier channel of thickness (. Thus, the sheet carrier
density distribution, N4(r), in the active region is found by
solving the ambipolar carrier transport equation.

1d rst Ny TingJs(r)
r dr dr -

M

where we have assumed an injection efficiency 7;n;, an
ambipolar diffusivity D, and a constant carrier lifetime 7, set
a2 ns, the value at threshold [16]. Then, the radial diffusion
current out of an active region of radius R is given by
I.(R) = 2rRDq(dN,/dr)| =r-

Given a total current I;o..) into the aperture, an analysis
by Dutta gives an approximate radial current density profile,
J:(r), which includes current spreading in a resistive layer
under the aperture before the diffusive layer of thickness ¢
{(17]

2 1, T S R
50 = Tl TR 5 gt e, 3R O
where 7y is a characteristic radius of current spreading depen-
dent on the square root of the conductivity-thickness product
of the resistive layer. If an annular, intracavity contact is used
(8], [181-[20], as is done when it is undesirable to pass current
though the DBR, the current injected at the aperture is no
longer uniform because of undesirable current crowding at
the edge of the aperture [18], and J,(r) assumes a modified
Bessel function form [19]. Substituting (2) into (1), N,(r) can
be solved [171.
With current spreading, the solution to (1) gives a relatively
flat sheet carrier density profile at the edge of the active region
resulting in small diffusion currents. Conversely, if current is

uniformly injected in the center of the device. ro — 0, a
relatively steep gradient in the carrier density at the aperture
edge develops, creating a proportionally high-diffusion current
out of the active volume defined by the aperture radius. This
uniform injection regime is closely realized in devices where
a tapered oxide aperture is only 300 A from the active region
[21].

As optical losses and current spreading are reduced, a
larger fraction of the threshold current in small devices are
due to carrier diffusion. Eliminating carrier diffusion will
allow devices to be scaled down to smaller sizes with a
corresponding decrease in threshold current. A buried het-
erostructure is a straightforward approach of providing a lateral
barrier to diffusion, but the etch and regrowth process in
the AlGaAs-GaAs system is ineffective because the surface
recombination at the regrowth interface is nearly as bad as
at a free surface unless regrowth is done in siru [22]. Other
efforts aimed at creating structures which inhibit the lateral
diffusion of carrier during growth include growth on patterned
substrates, segmented QW’s by thermal desorption [23], and
self-assembled InGaAs islands {24]. Lateral confinement is
also possible by intermixing the laser structure around the ac-
tive region, creating a buried heterostructure without regrowth.
This latter approach shall be the primary topic of discussion
in this paper.

III. DIFFUSION IN GROUP-III ARSENIDES

Intermixing involves the diffusion of point defects in the
zinc-blende lattice and their interaction with the atoms in the
crystal. Disordering of heterostructures of the group-III ar-
senides occurs primarily through lattice exchange interactions
of Al, Ga, and In with group-III vacancies and interstitials [25].
Diffusivity of the group-III atom is proportional to the local
concentration of vacancies and interstitials so any environment
or process which introduces point defects serves to enhance the
intermixing such as doping and arsenic overpressure [25], ion-
implantation [26], impurity free vacancy disordering (IFVD)
[27], and laser induced disordering [28]. It will be shown
in Section IV-A that impurity induced disordering (IID) may
be undesirable since the performance of VCL’s are very
sensitive to the free carrier absorption of high doping and
the current leakage through parasitic junctions created by
this approach. As such, IFVD approaches using various cap-
ping material such as SiOg [27], [29], [30], low-temperature
GaAs [31], spin-on-glass [32], steam oxidized AlAs [33], and,
possibly, low energy neutral jon-implantation [34] should be
explored.

In a typical InGaAs—-GaAs QW 120 meV deep, the electron
ground state is already a third of the way up from the
InGaAs conduction band edge. Even complete intermixing
of the QW’s cannot provide the 4kgT (100 meV) of lateral
bandgap difference desired. Thus, disordering of typical In-
GaAs-GaAs-AlGaAs active regions needs to diffuse in Al
possibly from the SCH, to create a larger bandgap difference.
In the temperature range of interest, the interdiffusion coeffi-
cient of Ga and In are known to be about an order of magnitude
lower than that of Al and Ga [31], [35] presumably due to an
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Fig. 3. A schematic of the MQW structure consisting of three 80-A
Ing.20Gap g0 As QW's (dashed) and the Alg 30Gag.roAs SCH (solid).

TABLE I
EFFECT OF AlAs ON THE PHOTOLUMINESCENCE BLUESHIFT OF InGaAs QW's
Alin the | 950 °C, | PL Peak A | PL Intensity
barrier? | 40" RTA? {(nm) (arb. units)
" no no 988 1.0
no yes 934 0.5
yes no 986 0.3
yes yes 900 0.2

inverse relation between the self-diffusivity of the group I
metals and their bond strength [36]. Thus, Al can be added
to the QW barriers to facilitate Al diffusion into the InGaAs
wells.

To illustrate the magnitude of the bandgap shift using this
approach we grew two MQW samples by molecular beam
epitaxy (MBE) having a structuré similar to Fig. 3 with the
Ing.18Gag g2As QW’s 600 A from the surface. In one sample
we substituted two monolayers of GaAs in the center of
the barriers with AlAs. We coated both samples with 800
A of SiO, by plasma-enhanced chemical vapor deposition
(PECVD) at 250 °C. Then, we induced intermixing with
a 950 °C 40-s rapid thermal anneal (RTA). The extent to
which diffusion has occurred is most easily determined by
photoluminescence (PL), and measurements of the blueshift of
the QW peak due to disordering during RTA are summarized
in Table I. The sample with Al in the barriers showed an
86-nm blueshift, while there was only a 54-nm blueshift in
the QW PL peak without Al nearby. However, as expected,
there was lower PL intensity from the samples with Al in the
barriers.

It is widely observed that the amount of disordering is
highly dependent on the type of capping material used. Fig. 4
shows the results of samples disordered by RTA using different
capping materials. The structure of the samples used for this
set of data is similar to Fig. 3 in which the top most QW
is 600_A from the surface. In our studies the silicon dioxide
(8iO2) and silicon nitride (SiN,;) films were deposited 600800
A thick by PECVD at 300 °C. The spin-on-glass (SOG),
obtained from the Emulsitone Company, is a liquid which
can be applied to a sample like photoresist and cured to
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Fig. 4. (a) The PL of a VCL sample disordered at 920 °C for 2 min
using spin-on-glass shows a large blueshift of the QW peak while the area
undemeath the DBR remains intact. (b) The PL shift after a 3-min anneal at
different temperatures for SiO2, SiN., and under a DBR are shown. SOG
results are not plotted since the PL shifts were >50 meV.

form an amorphous silica glass doped 5% by weight with
arsenic. Trends shown in Fig. 4 show that the SOG disorders
the most for any given temperature. Fig. 4 also includes the
intermixing intrinsic to the material by showing the amount
of blueshift measured from an annealed VCL in which the
top DBR was removed after the thermal treatment. The result
is encouraging since without intentionally trying to disorder
the material, the active region remains intact for temperatures
below about 920 °C.

IV. DIFFERENT APPROACHES TO LATERAL
CARRIER CONFINEMENT

A. Impurity-Induced Disordering (IID)

Hu e al. used silicon impurity-induced disordering (IID) to
successfully reduce the threshold current in ridge-waveguide
lasers to 0.9 mA [37]. They used a self-aligned process which
diffuses Si in from the sides of an etched ridge at 850 °C for
~1 h. They were able to confine the carriers to a width of
about a quarter-micrometer using this technique.

Subjecting a VCL to the same thermal treatment will
severely degrade the reflectivity of the DBR as the interface
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Fig. 5. Measured reflectivity for a greater than 10'* cm~* Si-doped DBR
before and after an 850 °C furnace anneal for 1 h [40].

Top contact

Planarizing polymer
(PMGt or Polymide)

Laterally etched
AlAs layer

=
n-contact

Fig. 6. Schematic of IID-VCL [40].

composition is blurred by IID (see Fig. 5) unless the Si doping
level in the n-DBR is kept below about 1 x 10!8 cm~3 [38]. In
one approach to avoid this degradation, Floyd ez al. [39], [40]
used the lower temperatures of Zn IID to confine carriers in
VCL'’s. Zn diffusions were performed on VCL pillars with
undercut air-apertures, A/4 thick, in a sealed ampoule at
600 °C for 25 min, and after further processing the competed
.VCL is shown schematically in Fig. 6.

Threshold current in a 4.6-um diameter device was 670 uA
(680 pA) with an external efficiency of 41% (44%) for the
IID (nondisordered, air-gap) VCL. The size dependence of
the external efficiency, 7ext, Was analyzed to determine the
excess optical losses, Lg, using,

Ls = T(Minj/Next = 1) = La (3)
where T is the mirror transmission, Lps is the one-
dimensional (1-D) round-trip cavity loss, and 7in; is the
injection efficiency above threshold. Fig. 7 compares the size-
dependent optical losses between IID-VCL’s and VCL’s of
the same structure without the Zn diffusion. We see that the
optical losses, due only to scattering off the aperture, are
similar in the two structures, indicating that the high p-doping
of the diffusion did not contribute to free carrier absorption.

Once the optical losses have been extracted from the ex-
ternal efficiency measurements. a threshold current was calcu-
lated taking into account only these losses [41]. As shown in

-~o— Air-Gap Aperture, no IiD
- & -ND-vCL

PRV SPRPID S MNP WP

Excess Threshold Gain (cm™ )

e I L s
¢ 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
1/Radius?® (um?)

Fig. 7. Excess threshold gain versus 1/(rad)® obtained from external differ-
ential efficiency measurements on Zn-IID and air-gap apertured VCL's {40].
This shows similar optical losses for both structures from the air-gap present
in both designs, indicating that the Zn diffusion does not incur significant free
carrier absorption.

37 T - " g . - 3
b e Toveson (mA), air-gap &
D Threshoid (mA), lID-VCL *
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1o-VeL g -

L]

Threshold (mA)
"
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e
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Fig. 8. A comparison between the leakage current of the air-gap only
(circles) and IID (squares) VCL’s [40). The dotted line shows the calculated
threshold current including size-dependent optical scattering losses. The data
show similar magnitudes of leakage current (see text). ’

Fig. 8, the measured threshold currents were higher, and the
excess current above the calculated values represent current
leakage. The excess current in the air-gap VCL data is due to
current spreading and carrier diffusion [13]. Earlier attempts
at using Zn IID resulted .in large current leakage through
a p-Zn—(GaAs~AlAs) n-DBR parasitic p-n junction, but the
data presented here resulted from a VCL structure with an
AlGaAs-AlAs n-DBR serving as a termination layer for the
parasitic junction. Still, slightly higher leakage currents in
IID devices larger than 2.5 um are evident. Perhaps lateral
oxidation of the AlAs could have prevented Zn diffusion from
forming a continuous p-type path around the current aperture
where, shown in Fig. 6, significant Zn diffusion occurred
around the undercut.

The optical losses of the thick air-gap and current leakage
through the parasitic junction obscured any effects of lateral
confinement the Zn IID provided. The intermixing process
must be compatible with the methods of eliminating the optical
scattering losses mentioned previously lest the benefits of
carrier confinement be unobservable.
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Fig. 10. (a) Cross-sectional scanning electron micrograph showing the top,
p-DBR of a VCL structure undercut to form a I-um diameter aperture. (b)
Transmission electron micrograph closeup of the boxed region at the tip of
the undercut filled with SOG.

B. Buried Vacancy Sources: A Self-Aliéned Process

A process that applies the excellent IFVD properties of SOG
is outlined in Fig. 9, in which we flow a 1:2 by volume
dilution of SOG and ethanol into an undercut layer of a
VCL mesa. This provides a self-aligned process which would
disorder the active region where it is needed, directly under
the current aperture. Fig. 10 shows cross-section electron
micrographs of the structure after a 920 °C, 3 min RTA,
showing that the SOG did wick into the undercut laver and that
the structure is intact after RTA. Efforts are underway to reduce
the optical scattering losses of the A/4-thick undercut layer
used in this preliminary experiment so that we can observe
any benefits from the carrier confinement.

Researchers at the University of Southern -California re-
ported promising initial results on a novel source for IVFD
using steam oxidized AlAs [33]. The MOCVD grown structire

©
yer. (a) Etch mesas and (b) form undercut. Flow SOG into undercut. (c)

%Al

100

112

Composition

%in Distance [nm]

Fig. 11. A schematic of the undoped MBE grown structure used for [FVD
using laterally oxidized AlAs. The QW region is the same as in Fig. 3. The
surface is on the left.

used consisted of a 50-A Ing 27Gay 73As-GaAs QW structure
with a 1000-A AlAs oxidation layer about 1000 A above
it. After lateral steam oxidation of AlAs, the entire structure
underwent RTA for 30 s at temperatures ranging from 800 °C
to 900 °C. The researchers showed that Al-oxide can enhance
the intermixing of the underlying material creating an active
region surrounded laterally by a ring of higher bandgap
material. Cathodoluminescence (CL) spectra of the region
under the oxide showed a blueshift of 64 meV with respect
to the as-grown QW peak while the apertured region showed
only a 19-meV blueshift.

However, the oxidation layer used would introduce exces-
sive optical scattering loss, nullifying much of the benefits
of carrier confinement this method may offer. In order to
observe the effects of lateral carrier confinement, the optical
losses need to be minimized with apertures defined by thin or
tapered oxides as mentioned previously. In doing so, there is
some concern as to whether the disordering properties of the
thinner oxide are compromised since it has been observed that
thinner PECVD deposited dielectric films show a decreased
intermixing capacity.

We observed comparable magnitudes of blueshift in samples
which had a 100-A AlAs oxidation layer slightly closer, ~700
A to the 3 InGaAs QW active region, a structure which
would provide low optical loss with optical confinement (see
Fig. 11). We blanket deposited 600 A of silicon nitride (SiN,)
by PECVD at a substrate temperature of 350 °C. Next we pat-
terned 50-pm-diameter mesas using standard photolithography
and transferred this pattern to the SiN,; with a CF, plasma etch.
After removing the photoresist, the mesas were wet etched
through the AlAs oxidation layer but before going through
the quantum wells. Oxide-defined apertures were formed by
lateral wet oxidation in an open quartz tube furnace with N»
gas flowing at 1 I/min through a water bubbler at 90 °C.
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Fig. 13. Process flow for ion-implant assisted disordering. (a) Etch a small (<6 um diameter) VCL mesa, and form an oxide-defined aperture to ensure
current and optical confinement with a brief steam oxidation step. (b) Expose to a large dose. 100~200-keV implant using the RIE etch mask as an implant
mask. (c) Competed structure after the implanted regions are disordered with a ~900 °C 1-min RTA.

The oxidations were performed at furnace temperatures of
450 °C and 470 °C for 30 and 10 min, respectively, to give
approximately the same aperture size of 7 ym. '

Thermal treatment of the samples were performed in the
AG Associates Heatpulse RTA. With the SiN, still on the
mesa tops, they were heated, top down on a GaAs wafer to
prevent As desorption from the surface while the temperature
was ramped at 80 °C/min to 950 °C for 3 min before cooling.
It is known that thermal cycling can cause mesas to peel off at
the oxide, presumably due to thermal mismatch stresses, unless
measures such as grading the interface [19] or adding some

~ Ga to the AlAs [42] are taken. In this structure, cracking of the
ungraded AlAs-oxide did not occur, probably due to the fact
that it was very thin. The remaining SiN, was removed with
a CF4 plasma etch. CL measurements were used to achieve
the spatial resolution needed to acquire luminescence spectra
from different areas in the mesa.

CL was performed in a JEOL 1200EX transmission electron
microscope modified to collect light from the sample using a
high numerical aperture mirror which focuses it into a large-
diameter silica fiber. The luminescence was -coupled into a
monochromator with a liquid nitrogen cooled Ge detector at
the output. A 120-keV electron beam was used to generate
electron-hole pairs in the sample which was cooled with liquid
He to a temperature of about 10 K. The CL spectra under two
different regions, under the oxide and under the aperture, are

Fig. 14. Cross-sectional SEM of an implant assisted disordered VCL struc-
ture showing the dark contrast of the QW’s highlighted with a 1:1 1M acetic
acid: 30% H20- stain etch [43]. The implant/RTA process has intermixed the
active region not underneath the VCL pillar.

shown in Fig. 12. We observed a blueshift of 55.6 meV under
the aperture region and about 85.1 meV under the oxide. The
blueshifts under both regions are more than those reported
previously because of the higher annealing temperatures used,
but the difference in energy shifts (29.5 meV) shows that
annealing at 950 °C causes the apertured region to disorder
significantly as well, an undesirable consequence.
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Fig. 15. Planar process flow for disordering and regrowth. (a) Grow the VCL up to the active region and part of the cavity. (b) Pattern a suitable masking
material and cover with the disordering dielectric. (¢) RTA to disorder. (d) Remove the dielectrics and clean the surface. (¢) Regrow the remainder of the
VCL. (f) Etch mesas over the nondisordered regions and finish the processing.

The prospects for this process are encouraging. A 920 °C
anneal should give better contrast between the intermixed
and nonintentionally intermixed regions. Also, in a full VCL
structure the aperture region would be buried under an entire
DBR which should protect that region from intermixing better
than the SiN; cap used in this experiment.

C. Implant-Assisted Disordering

The IFVD techniques described previously do not increase
free carrier losses and current leakage through parasitic junc-
tions as in the IID cases, but perhaps using ion-implantation
can a produce an even higher concentration of the point
defects needed for enhanced disordering. Consequently, the
reduced annealing temperatures and times may make this a
more attractive approach, and the proposed process shown in
Fig. 13 requires only a near-surface, i.e., low-energy, implant
that allows precise positioning of the damage profile. It is
convenient to use a double layer Ni-SiN, reactive ion etching
(RIE) mesa etch mask, in which the Ni serves as a sacrificial
RIE etch mask, leaving behind the SiN, ion-implant mask.

Using a similar process flow, initial efforts at the University
of California at Santa Barbara [43] used a deep oxygen implant
to provide a current leakage barrier from the highly doped
n-type region created by a subsequent silicon implant. The
implantation dose and energies were chosen to create a silicon
concentration of 10'° cm~3 at the QW’s. A 900 °C 30-s
RTA was sufficient to observe intermixing in the implanted
regions as shown in Fig. 14. A straightforward modification
of this process would include a low scattering loss current
aperture, such as a tapered oxide-defined aperture, before the
ion-implant step.

D. Planar Processing and Regrowth

It may be desirable to perform the disordering process on
a planar surface for the inherent mechanical stability of the
technique. The process outlined in Fig. 15 begins with the
growth of the VCL structure up to and including the cavity.

A disordering mask such as SiN, can be patterned on the
surface followed by a blanket deposition of the disordering
material, e.g., SiO; and SOG. After thermal treatment, the
dielectrics are removed, and the flat surface that remains is
conducive to a thorough surface cleaning processes. Regrowth
of a semiconductor or dielectric DBR is performed to complete
the VCL structure followed by processing of devices over the
underlying nondisordered regions.

Due to the proximity of the QW’s to the surface, it is
difficult to suppress disordering where it is not desired in
the annealing conditions required to create a sufficient lateral
barrier. As shown in Fig. 4(b), the active region is highly
blueshifted under the SiN, mask. SrF» has exhibited excellent
performance as a disordering mask [44], but initial attempts
at this planar approach had problems with the quality of the
DBR regrowth by molecular beam epitaxy. We attribute the
poor regrowth to the difficulty in obtaining a pristine surface
after the intense thermal treatments.

V. CONCLUSION

Numerous techniques of QW intermixing have been suc-
cessful in fabricating AlGaAs—GaAs photonic integrated de-
vices. The challenge is to push the limits of these techniques
to create 100 meV of confinement in InGaAs-GaAs active
regions while simultaneously adhering to a design that elim-
inates size-dependent optical losses and current spreading.
Achieving this goal should result in significant improvement
in the threshold current and efficiencies since the majority of
the threshold current in a small VCL is lost to carrier diffusion.
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Multimode WDM Optical Data Links with
Monolithically Integrated Multiple-Channel
VCSEL and Photodetector Arrays

Syn-Yem Hu, Jack Ko, Eric R. Hegblom, and Larry A. Coldren

Abstract— We report on the design and implementation of a
novel multiple-wavelength optical data link for low-cost muiti-
mode wavelength-division multiplexing (WDM) local-area net-
work applications. This link utilizes a monolithically integrated
multiple-wavelength vertical-cavity laser array and a narrow-
band resonant-cavity photodetector array to transmit multiple
channels of information simultaneously via a single multimode
fiber. A detailed analysis on wavelength tuning and threshold
characteristics of different laser cavity designs is presented. The-
oretical results are compared to our experimental data. On the
receiver part, both Schottky and p-i-n phetodetectors with a
single- or coupled-cavity structure are discussed. A novel p-i-n
resonant-cavity photodetector design with a partially oxidized

front mirror for linewidth control is proposed. Moreover, we -

also demonstrate preliminary measurements on the optical link
built with our multiple-wavelength vertical-cavity laser array and
photodetector array. Finally, the feasibility of constructing 2 mul-
tiwavelength optical data link with a single dual-core multimode
fiber and an integrated laser/detector array is evaluated.

Index Terms— Integrated optoelectronics, laser arrays,
optical interconnections, photodetectors, surface-emitting lasers,
wavelength-division multiplexing.

[. INTRODUCTION

HE DEMAND for ever faster data transmission rates (a

few Gb/s up to 100 Gb/s) [1] has attracted considerable
interest in the development of high-capacity optical data links
for short-haul local-area network (LAN) and fiber-to-the-
desktop applications. Most of the research so far has been
focused on the one-dimensional (1-D) parallel optical data
links [2]-[11]. For example, multiple-Gb/s aggregate data
transmission rates have been demonstrated at transmission
distances of about 300 m [6]-[11]. These 1-D configurations
utilize multimode fiber ribbons with the one-data-channel-
per-fiber arrangement. At the same time, many researchers
[12]-[17] are also looking for a definitive solution to utilize the
extra-wide bandwidth of optical fibers by wavelength-division
multiplexing (WDM). This WDM configuration can signifi-
cantly expand the transmission capacity by having multiple
data channels in each fiber. However, the transmitter and re-
ceiver modules must be low in cost for the emerging “gigabit-
to-the-desktop” applications. Any additional complexity in the
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The authors are with the Department of Electrical and Computer Engineer-
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device fabrication and packaging technology can dramatically
increase the manufacturing cost. Therefore, it is important to
take these considerations into account when developing such
WDM systems.

In this paper, we will introduce a WDM optical data link
for low-cost LAN applications. This link utilizes a monolith-
ically integrated multiple-wavelength vertical-cavity surface-
emitting laser (VCSEL) array and a narrow-band resonant-
cavity photodetector array to transmit multiple channels of
information simultaneously via a single multimode fiber. First,
we will focus on the transmitter designs. A detailed analysis .
on the wavelength tuning and threshold characteristics of
different laser cavity designs will be given. Factors that
limit the maximum lasing wavelength span are discussed
and the theoretical results are compared to our experimental
VCSEL data. In the WDM receiver section, we will emphasize
designs of narrow-band resonant-cavity photodetectors. Both
Schottky and p-i-n photodetectors with a single- or coupled-
cavity structure are presented. In particular, a novel p-i-n
resonant-cavity photodetector design with a partially oxidized
front mirror for bandwidth control is proposed. Moreover,
we also demonstrate some preliminary measurements on the
optical link built with our multiple-wavelength VCSEL array
and Schottky photodetector array. Lastly, the feasibility of
constructing an optical data link with a single dual-core
multimode fiber and a single-chip integrated laser-detector
array is evaluated. »

Fig. 1 shows the first of the two muitimode WDM op-
tical data links proposed in this paper. In this schematic
diagram, wavelength-encoded optical signals are transmitted
from a monolithically integrated multiple-wavelength VCSEL
array to a channel-matched wavelength-selective narrow-band
photodetector array via a single multimode fiber. Generally
speaking, both laser and detector arrays should have planar-
surface device structures to facilitate further device packaging,
and they also need to be fabricated by a manufacturable
processing technique. Having these basic considerations in
mind, we will give a detailed description on the transmitter
and receiver designs, separately, in Sections II and III.

. WDM TRANSMITTER DESIGN AND FABRICATION
For a low-cost WDM transmitter, we need to have a compact
monolithically integrated multiple-wavelength emitter array to
bring many channels of information into a single multimode

0018-9197/98$10.00 © 1998 IEEE
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Fig. 1. Schematic diagram of the multimode WDM optical data link studied
in this paper.

fiber. The availability of such low-cost multiple-wavelength
emitter arrays is also a key issue for the realization of
ultra-high-density multiple-layer digital versatile disk (DVD)
technology [18]. The VCSEL structure is the ideal candi-
date because the lasing wavelength can be easily varied
and its fiber packaging is potendally low-cost. In the past
few years, micromechanically tunable VCSEL’s [19] and

monolithically integrated multiple-wavelength VCSEL arrays-

[12]-[13], [20]-[23] have been reported by various groups
for free-space or fiber communications. However, only the
anodic oxidation scheme [12] can provide the required device
density and arbitrary wavelength variation within a small
region. It also allows us to perform very flexible and accurate
cavity-mode adjustment. Recently, we have demonstrated both
multiple-wavelength top-emitting {16] and bottom-emitting
[17] photonic integrated emitter (PIE) arrays designed to be
coupled into a single 62.5-yum-core multimode fiber. Unlike
other techniques for making multiple-wavelength laser arrays,
our photolithographically defined approach allows one to
package a muitiple-channel VCSEL link in the same manner
as a single-channel VCSEL data link without resorting to
complicated coupling optics. The simplicity in packaging this
direct-coupled WDM transmitter will reduce much of the
manufacturing cost.

From the system point of view, the bottom-emitting VCSEL
PIE scheme is preferred, over the top-emitting version, for the
WDM link shown in Fig. 1. The reason is that the former
allows a larger emitting area for each array element which will,
in turn, enhance the multimode operation that is recommended
for multimode fiber systems [24]—an issue to be discussed
later. Moreover, the bottom-emitting configuration is also
compatible with the flip-chip bonding scheme to provide
sufficient beat sinking for reducing thermal crosstalk between
channels. Fig. 2(a) shows a schematic cross section for the
bottom-emitting VCSEL PIE array with the Burrus-type [25]
fiber-coupling configuration. A manufacturable planar-surface
processing technique has been developed to facilitate further
packaging of these VCSEL PIE arrays. In order to attain
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Fig. 2. (a) Schematic cross section of our bottom-emitting VCSEL PIE array

- with the Burrus-type fiber-coupling configuration. (b) SEM of a finished

eight-channel bottom-emitting VCSEL PIE array.
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Fig. 3. An example of the aluminum and indium composition profiles for
our bottom-emitting VCSEL designs. In this drawing, the phase-tuning layer
is the fourth GaAs layer (m = 4) above the 1-A cavity.

multiple lateral-mode operation, an oxide aperture extending
only 1.0 ym from the edge is created around the pie-shaped
VCSEL mesas. Moreover, the eight bottom-emitting VCSEL’s
are arranged in a “pie”-like configuration (each with an area of
887 um?) within a 60-um-diameter circular area for coupling
into a multimode fiber. Fig. 2(b) shows a scanning electron
micrograph (SEM) of a finished eight-channel bottom-emitting
VCSEL PIE array. A detailed description of the processing
technique has been reported elsewhere [17]. In this paper, we
will focus on the physics of wavelength tuning and threshold
characteristics of different laser cavity designs.

Fig. 3 shows an example of the aluminum and indium com-
position profiles for our multiple-wavelength bottom-emitting



HU er al.: MULTIMODE WDM OPTICAL DATA LINKS WITH VCSEL AND PHOTODETECTOR ARRAYS

(a)

®)

0.50
GaAs Tuning Layer (A)

0.75

1.00

125

Fig. 4. The calculated (a) lasing wavelength and (b) threshold gain per QW
as a function of the location and thickness of the GaAs phase-tuning layer.
The number m shown beside each curve denotes that the tuning layer is the
mth GaAs layer above the 1-\ cavity. For the mm = 4 case (solid lines),
the threshold characteristics of the adjacent cavity modes are also shown to
illustrate the mode-coupling effect at the two ends of the free spectral range.

VCSEL’s. The 0.98-um VCSEL design with InGaAs-GaAs
quantum wells (QW’s) and AlGaAs—-GaAs distributed Bragg
reflectors (DBR’s) grown by molecular beam epitaxy (MBE)
has been used in this study. The laser structure consists of
a 32-period top p-mirror and a 19.5-period output n-mirror.
The compositions for the AlGaAs quarter-wave layers are pure
AlAs for the first 18 periods of the n-DBR and Alp.9Gag.1 As
for the rest of the structure, except for the oxide-aperturing
layer which is located in the first AlGaAs quarter-wave layer
above the active region and has a 400-A Al 9gGag 02AS
layer in the middle for selective lateral oxidation. The active
region consists of three 80-A InGaAs QW’s with 120-A GaAs
barriers in between. To achieve multiwavelength, VCSEL PIE
arrays require two MBE. growths. The first growth stops at
the GaAs tuning layer and cavity modes for the individual
channels are adjusted by performing anodic oxidation on the
GaAs phase-tuning layer prior to the growth of the rest of the
top DBR mirror [12]. In Fig. 3, the phase-tuning layer is the
fourth GaAs layer above the 1-) cavity, where A is the Bragg
wavelength of the DBR’s. The effects of choosing different
tuning layer locations will be analyzed in the following.

Fig. 4 shows the calculated (a) lasing wavelength and (b)
threshold gain per QW as a function of the location and
thickness of the GaAs-phase-tuning layer. The number m
shown beside each curve denotes that the tuning layer is the
mth GaAs layer above the 1-) cavity. When the GaAs tuning
layer is 0.75-), it behaves just like a normal quarter-wave layer
and the device will lase at the Bragg wavelength A. However,
when the GaAs tuning layer is 0.5-A or 1.0-, this layer itself
becomes a second cavity in the whole structure with the same
cavity mode as the original 1-A cavity. As a result, there will
be a splitting in energy levels due to the mode-coupling effect.
The amount of splitting decreases as the cavity separation
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Fig. 5. The refractive index and optical field intensity profiles forthe m =4
design shown in Fig. 3 and when the tuning layer thickness is (a) 0.75-A,
lasing at 968.8 nm, (b) 1.0-A, lasing at 990.9 nm, and (c) also 1.0-A but
for the next higher order mode lasing at 949.2 nm. The corresponding lasing
wavelengths are also shown in Fig. 4(a) with the notations of A, B, and C,

respectively.

increases but the wavelength-tuning curve becomes more and
more nonlinear. Theoretically, the tuning curve will gradually
change from a straight line of slope 2A/n2 to a straight line
of zero slope when m increases from 0 to oc. Here n, is the
refractive index of the cavity. In order to achieve equidistant
wavelength separation, a small m value, such as m = 0 or
at most m = 1, should be used. Under this circumstance,
however, the overall variation in device threshold currents will
be much wider than the design with a larger m, as shown in
Fig. 4(b). Moreover, the tolerance in process control of the
anodic oxidation also becomes tighter because of the steeper
wavelength tuning rates shown in Fig. 4(a). For current short-
distance coarse WDM applications, it is possible to use the
m = 3 or even m = 4 design because the channel spacing is
still much wider than 4 nm, which is mainly limited by the
receiver bandwidth [15].

In both Fig. 4(a) and (b), the threshold characteristics of
the adjacent higher order and lower order modes for the
m = 4 case (solid lines) are shown to illustrate the mode-
coupling effect at the two ends of the free spectral range.
This coupling effect caused not only nonlinearity but also
abrupt switch in device threshold and lasing wavelength. To
understand this phenomenon, we need to examine the optical
field profiles inside the cavity. Fig. 5 shows the refractive
index and optical field intensity profiles for the m = 4 design.
shown in Fig. 3, when the tuning layer thickness is (a) 0.75-
A, lasing at 968.8 nm, (b) 1.0-), lasing at 990.9 nm, and ()
also 1.0-A but for the next higher order mode lasing at 949.2
nm. The corresponding lasing wavelengths are also shown
in Fig. 4(a) with the notations of A, B, and C, respectively.
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Fig. 6. The maximum lasing wavelength span and the required maximum
threshold gain per well as a function of m, the position of the GaAs
phase-tuning layer. The solid curves are for the design shown in Fig. 3 while
the dotted curves and the experimental data (O) are for the special case when
we increase the first GaAs layer below the 1-A cavity to 1.25-A to avoid
exposing AlGaAs layers on the etched surface. Moreover. if the maximum
achievable threshold gain is experimentally limited to 2400 cm™* per QW,
the solid curve of the maximum wavelength span will be reduced to the
dash-dotted curve.

The two modes, (b) and (c), have very similar threshold gains
and will both appear in the emission spectrum of the device.
As one can perceive, the observed systematic variation in
threshold characteristics comes from the extending of optical
field intensity from the central 1-A gain cavity into the GaAs
phase-tuning layer when the cavity mode is detuned away from
the Bragg wavelength of the DBR’s. Another factor that also
causes reduction in optical confinement factor is the shift of
the optical standing-wave peak away from the InGaAs QW’s.
Consequently, threshold current will have its lowest value at
the Bragg wavelength and goes up in either direction of the
wavelength. In particular, when the tuning layer thickness is
outside the (0.5, 1.0)\) range, the adjacent modes have lower
threshold gains than the central mode and thus will dominate
the lasing behavior. The variation of DBR mirror reflectivities
versus wavelength also influences the threshold behavior (but
not so much as we have thought of earlier [16]).

The mode splitting at the 1.0-\ tuning layer thickness
determines the maximum available wavelength span. Fig. 6
shows the maximum lasing wavelength span and the required
maximum threshold gain per well as a function of m. The
solid curves are for the design shown in Fig. 3 while the
dotted curves and the experimental data (O) are for the special
case when we increase the first GaAs layer below the 1-
A cavity to 1.25-A to avoid exposing AlGaAs layers on the
etched surface. In reality, however, devices will not lase if the
required threshold gain is higher than what the active material
can provide, especially when the tuning layer thickness is
close to 0.5\ or 1.0A. If the maximum lasing threshold gain
is practically limited to 2400 cm~! per Ing »Gag.sAs QW
[26], the solid curve of the maximum wavelength span has
to be reduced to the dash—dotted curve by deducing those

- wavelength ranges where the required threshold gain is beyond
2400 cm™! per QW. It suggests that m = 2 would be the
optimal design for having the widest wavelength-tuning span
but not too steep in wavelength-tuning characteristics. The
latter is an important consideration for our processing control
in anodic oxidation and also for electrically tuning control in
tunable VCSEL’s.
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Fig. 7. Experimental demonstration of successful wavelength tuning control
in a 4 X 4 multiwavelength bottom-emitting VCSEL array with the layer
design shown in Fig. 3 (m = 4). Here we show (a) a photograph of a
finished 4 x 4 array, (b) the measured CW light—current characteristics, and
(c) the measured (dots) and expected (curves) threshold characteristics as a
function of the remaining thickness of the GaAs phase tuning layer.
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Experimentally, we have fabricated several multiwavelength
VCSEL arrays to verify our theoretical analysis. These VCSEL
arrays are tested at room temperature under CW operation.
Fig. 7(a) shows a photograph of a 4 X 4 multiwavelength
VCSEL array with the layer design shown in Fig. 3 (m = 4).
These VCSEL’s are 9 um in pillar diameter and 30 ym in
pitch. The oxide aperture is about 4 pym in diameter. This
array is useful for free-space optical interconnections with
the assistance of an integrated GaAs microlens on the output
substrate side [12], [27]. Fig. 7(b) shows the measured CW
light—-current characteristics and Fig. 7(c) shows the measured
(dots) and expected (curves) threshold characteristics as a
function of the remaining thickness of the GaAs phase tuning
layer. As one can see, the wavelength tuning control has
been very successful. The achieved lasing wavelength span
in this sample is about 30 nm. Furthermore, the variation in
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Fig. 8. (a) Experimental and theoretical threshold characteristics of an
eight-clement bottom-emitting VCSEL PIE array with the design shown in
Fig. 3 (m = 4) but also with a 1.25-A GaAs layer below the 1-A cavity for
the reason described in the text. (b) The lasing spectra of the VCSEL PIE
array measured at 5-6 mA.

threshold currents of this array has also been well explained
by our theoretical modeling. For our m = 4 design, a factor
of two increasing in threshold current is expected from the
central channel to either end of the working wavelength span.
However, most of the increase in threshold current occurs
near the two ends of the wavelength span. Therefore, it is
possible to reduce the threshold variation by sacrificing some
wavelength span to prevent the possible cost penalties in
a more complicated biasing-circuit design. In Fig. 7(c), the
second longest wavelength channel is missing due to improper
device processing while the longest device died during the
initial probing before we started recording the light—current
curves shown in Fig. 7(b). .

Fig. 8(a) shows the experimental and theoretical threshold
characteristics of an eight-element bottom-emitting VCSEL
PIE array with the design shown in Fig. 3 (m = 4) but also
with a 1.25-A GaAs layer below the 1-A cavity for the reason
described earlier. Most devices lased at around 1.7 mA with a

 bias voltage of 2.4 V. If we number the devices according

to the tuning layer thickness, channels 1-6 exhibit similar
electrical and spectral characteristics when the output power is
below 5 mW. Channel 4 has 7.3-mW maximum output power,
50.2% differential quantum efficiency, and 11.8% maximum
wall-plug efficiency. The theoretical curves shown in Fig. 8(a)
has included the observed growth-rate offset between the two

- MBE growths. As theoretically predicted, the device (channel

8) with a GaAs tuning layer over 1.0\ lases at the adjacent
higher order mode. Fig. 8(b) shows the lasing spectra of this
VCSEL PIE array measured at 5-6 mA. The achieved lasing
wavelength span from this array is 32.9 nm but the maximum
available wavelength span is about 36.7 nm. From Fig. 8(a)
one can see that only half of the usable tuning range has

Fig. 9. The near-field intensity profile of our “pie”-shaped VCSEL taken at
an injection current of 8.31 mA.

been used by this sample. It is possible to further optimize
the channel allocation so that all eight channels can be located
at the flat part of the threshold curve.

Modal noise is a well-known phenomenon for multimode’
fiber systems when a coherent light source is used [28]. For
our multimode WDM links, if single-mode VCSEL’s are used
at the transmitter part, output intensity profile for each VCSEL
channel at the other end of the fiber will be very likely centered
in a few spots which are distributed over the 62.5-um-diameter
core in an unpredictable manner. Moreover, these spots will
move around the fiber core when the fiber is bent or vibrated
somewhere. As a result, the insertion loss for each channel
in our broadcast-type receiver design becomes completely
uncontrollable because the photodetectors are made in a “pie”-
like shape and will receive light signals only from a certain
fixed area over the 62.5-ym-diameter fiber core. This is why
broad-bandwidth multimode VCSEL'’s are strongly required
for those multimode WDM systems with their detector area
smaller than the fiber core [24], [29]-[31]. For our VCSEL
PIE devices, they are single-mode or nearly single-mode at
low output power (<1 mW), which is probably related to
the special “pie”’-shaped geometry. However, when the output
power is raised to above 1.0 mW, all channels become more
and more multimode-like. For example, Fig. 9 shows the
near-field intensity profile of our “pie”-shaped VCSEL taken
at an injection current of 8.31 mA. This measurement was
performed by using an 80x infrared microscope lens and a
high-sensitivity infrared camera. The achieved 3-dB spectral
bandwidth is around 1.7 nm at the peak power with four
to five dominant lateral modes. The emission spectra of all
PIE elements are preferentially polarized along the radial
directions. To inspect the intensity profiles coming out of the
multimode fiber, laser emission from one VCSEL element
was coupled into a 300-m-long 62.5-pm-core multimode fiber
without using any coupling optics. No etched well as shown in
Fig. 2(a) has been done to the substrate yet. This device was
biased at 5 mA with ~1.8 mW output and it lased at 980 nm.
The light intensity profiles shown in Fig. 10 are the near-field
images taken at the output facet of the fiber when the VCSEL
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Fig. 10. Coupling of the VCSEL emission into a 300-m-long 62.5-um-core
multimode fiber. The light intensity profiles shown are the near-field images
taken at the output facet of the fiber when the VCSEL is (a) well-aligned to
the fiber, (b) laterally shifted 20 um, and (c) laterally shifted 25 pm.

is (a) well aligned to the fiber or laterally shifted (b) 20 and
(c) 25 um, respectively, toward the center of the array. The
case (b) is close to the situation where the fiber is aligned to
the center of the VCSEL PIE array and the measured coupling
loss is around 4-5 dB. As one can see, there are many intensity
speckles across the fiber core which is very desirable because
we need a large number of them to average out the modal
interference effect of the individual speckles and to generate
a much stable and more uniform intensity profile. A further
optimization of our device geometry is still required to increase
the spectral bandwidth at the lower injection current region.
Crosstalk is an important subject for densely packed laser
arrays like our VCSEL PIE’s. It is known that the overall
crosstalk may consist of three major components: optical [32],
[33], electrical [34], and thermal [35] crosstalk. We have found
that spontaneous emission from one laser can change adjacent
devices’ thresholds [36] because our “pie”-shaped VCSEL’s
are only 3 pm apart and the. polyimide filling in between
is transparent to the emission light. Fig. 11 shows the near-
field intensity profile taken at an injection current of 0.05 mA
which is far below the device’s 2-mA threshold. As one can
see, even though only one device (the higher intensity one) is
probed, there is a significant amount of photocarriers generated
in the adjacent devices which cause the observed spontaneous
emission in the unprobed devices. In particular, the carrier
concentration in the unprobed adjacent device is apparently
nonuniform with its higher value at the probed device side.
However, we can eliminate the crosstalk by prebiasing all
devices to near threshold to clamp the spontaneous emission.
As a result, rather low optical crosstalk (< —20 dB) operation
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Fig. 11.
mA.

The near-field intensity profile taken at an injection current of 0.05

has been demonstrated in our VCSEL PIE arrays [36]. In
addition, we can block out this lateral spontaneous emission by
depositing an absorptive but nonconductive film like silicon on
the VCSEL sidewalls before filling the trench with polyimide
or by adding some dummy walls between devices.

On the other hand, thermal crosstalk has also been measured
in our planar-surface VCSEL PIE arrays. The measured ther-
mal wavelength shift versus stage temperature is 0.43 A/K and
the thermal resistance is 0.96 K/mW which is close to the value
reported in the literature [35]. The cross thermal resistances
to the adjacent device, the next one, and so forth, are 0.24,
0.16, 0.10, and 0.063 K/mW, respectively. No thermal-related
transient behavior was observed in the light output up to
20 MHz, the highest clock rate we used in the crosstalk
measurement. Above this frequency, most of the crosstalk will
be electrical crosstalk which can be surpressed by appropriate
flip-chip bonding and packaging.

Preliminary on-chip high-speed testing of our bottom-
emitting VCSEL PIE arrays has been performed by using
a modified coaxial probe [37]. Laser output was collected
by a 62.5-um-core graded-index fiber at the substrate side.
Fig. 12(a) shows the typical modulation responses at various
bias levels measured by a 20-GHz lightwave component
analyzer. Fig. 12(b) shows ‘the 3-dB modulation bandwidth,
fadp, as a function of (I — I;,)Y/2, where I is the bias current
and Iy, is the threshold current. The observed modulation
current efficiency factor is 2.4 GHz/mA!/2, which is similar
to the value reported earlier for a 15-pm-diameter etched-
post n-intracavity VCSEL [38]. The RC-limited bandwidth
of our devices is estimated to be around 6.5 GHz, which is
close to what we have obtained. Moreover, the maximum
achievable modulation bandwidth for various devices in the
array has been limited by the variation in maximum output
power; otherwise, they behave quite similarly with respect
to the same power level. An additional proton implantation
under the probing pads will be very helpful to reduce the
parasitic capacitance. Data transmission through a 300-m-long
graded-index multimode fiber (with a 62.5-um core diameter)
has been performed by using an O/E converter as the receiver.
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Fig. 12. (a) The modulation responses measured at various bias levels. (b)
The 3-dB modulation bandwidth, f3 4p, as a function of (I — Iy, )1/2, where

1 is the bias current and I;j, is the threshold current. The observed modulation
current efficiency factor is 2.4 GHz/mA!/2.

The results show that these devices are capable of transmitting
data up to 1.5 Gb/s/channel under a 223 — 1 pseudorandom
bit sequence (PRBS) without error (<1073 bit-error rate).
Fig. 13 shows the eye diagrams observed at different data
rates, from 622 Mb/s up to 1.5 Gb/s. The closing up of the
eyes has been mainly limited by our receiver bandwidth.

III. WDM RECEIVER DESIGN AND FABRICATION

In comparison to the maturity of laser technology, the mono-
lithically integrated WDM receivers seem to be far less de-
veloped. Resonant-cavity-enhanced structures have been used
to construct 2 X 2 demultiplexing detector arrays at around
900 nm [39]. However, the channel spacing has been very
large, 15-20 pm, and the bandwidth is as wide as 15 nm.
Recently, the authors have demonstrated the first narrow-band
monolithically integrated 1 x 8 resonant-cavity photodetector
arrays for real-time spectroscopic analysis or parallel demul-
tiplexing of wavelength-encoded channels at 1.55 um [40]. A
novel double-absorber design was developed to avoid position

sensitivity related to the cavity standing wave and eliminate the -

need for in situ cavity-mode adjustment. The idea is to set the
center-to-center spacing of the two thin QW absorption layers
at A\/4 so that the field2-absorption integral is independent
of the position of the absorbers relative to the cavity standing
wave. This is especially important for our applications because
the cavity modes in an array will be adjusted by post-growth
processing over some 30 nm, and it is crucial to maintain
a reasonable balance between mirror reflections and cavity
losses over the whole range in order to obtain a uniform
photoresponse. Moreover, in order to reduce crosstalk between
channels, these devices were designed with a high-@ cavity
by minimizing cavity losses and increasing cavity length to
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Fig. 13. Eye diagrams observed at different data rates, from 622 Mb/s up
to 1.5 Gbfs.

obtain narrow-band photoresponse. An experimental channel
rejection ratio of 14.5 dB at 4 nm away from the resonant
peak has been achieved at 1.55 um in the lattice-matched
InGaAs-InAlGaAs—InP material system.

At the same time, we have also demonstrated 1.55-um
“pie”-shape photodetector arrays for direct-coupled WDM
receivers [41]. These pie-shaped devices were arranged within
a 60-um-diameter circle, just like our VCSEL PIE arrays.
Therefore, when the fiber optics is aligned and slightly de-
focused to the center of the pie array, all eight elements will
be equally illuminated with all input wavelengths, but each of
them will only pick up the specific channel which lies within
its absorption band. A splitting loss of 13 dB has been observed
in this configuration, which is close to the 11-dB theoretical
value. Based on the same technology, we can construct a
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(a) Schematic cross section of a bottom-illuminated multi-
ple-channel resonant-cavity Schottky photodetector array with the Burrus-type
packaging configuration. (b) A photograph of a finished eight-channel
“pie”-shaped Schottky photodetector array.

Fig. 14.

“pie”-shape WDM: photodetector arrays at 0.98 um in the
InGaAs-AlGaAs—GaAs material system. Fig. 14(a) shows a
schematic cross section of a bottom-illuminated multiple-
channel resonant-cavity Schottky photodetector array with the
Burrus-type packaging configuration. Fig. 14(b) is a photo-
graph of a finished eight-channel “pie”-shaped photodetector
array for 0.98-um WDM optical data links. These devices are
narrow-band resonant-cavity Schottky photodiodes with the
Schottky Au metal as the back mirror and the AlGaAs DBR
as the front mirror. Cavity modes for the individual devices can
be adjusted by performing anodic oxidation on the i-AlGaAs
phase-tuning layers. A detailed description of the processing
technique has been reported elsewhere [41]. In the following,
we will focus on the various design aspects of narrow-band
resonant-cavity photodetector arrays.

Schottky and p-i-n structures are the two common designs
for high-performance photodiodes. Fig. 15 shows the refrac-
tive index profiles for bottom-illuminated (a) Schottky and (b)
p-i-n structures to achieve narrow-band WDM resonant-cavity
photodetectors. The phase-tuning layers are i-Alg 32Gag.6sAs
and p-GaAs for these two cases, respectively. The SiO, layer
in the p-i-n design is to prevent Au spiking into the lattice
during contact annealing and to increase the reflectivity. From
the processing point of view, the Schottky structure is much
simpler because the Schottky Au metal itself can be used as
the back reflection mirror. However, the interface between the
Au Schottky metal and the high Al-content semiconductor
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(a) Schottky and (b) p-i-n photodetector designs. The phase-tuning layers
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Fig. 16. (a) Schematic device cross section and (b) theoretical reflectivity
spectra for the proposed P-i-N photodetector with an antiresonant oxide
aperture underneath the ring p-contact to suppress undesired.absorption which
may cause linewidth broadening in photoresponses. The solid-curve reflection
spectra shown from left to right are for positions under the Au back mirror with
tuning layer thicknesses of 0.40, 0.50, and 0.62), respectively. The dashed
curves are for positions under the ring p-contact with the above tuning layer
thicknesses.

layer is not very stable. Degradation in photoresponse has
been observed in our previous Ing.52Alp.4s As-Au devices.
Moreover, the photoresponse bandwidth has also been limited
by the finite absorption in Au. Therefore, the alternative p-i-
n solution becomes much more attractive. In this work, we
propose a novel p-i-n resonant-cavity photodetector design
with an antiresonant oxide aperture. Fig. 16(a) shows a device
schematic for the proposed p-i-n photodetector. Underneath
the ring p-contact, the Alg.9sGag.o2As layers in the front DBR
mirror will be oxidized after the mesa etching to increase the
DBR reflectivity to almost one. As a result, the undesired
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In the calculation, the back DBR mirror for the p-i-a structure is assumed
to be 0.5 period (solid curve, m = 1) or 1.5 periods (dash—dotted curve,
m = 2) for comparison.

absorption underneath the ring p- contact which may cause
linewidth broadening in photoresponses can be eliminated
over the whole.channel span (~30 nm). Fig. 16(b) shows the
theoretical reflectivity spectra for positions under the Au back
mirror with' tuning layer thicknesses of (solid curves, from
left to right) 0.40, 0.50, and 0.62), respectively. The dashed
curves are for positions under the ring p-contact with the
same tuning layer thicknesses. As one can see, the undesired
absorption outside the central SiO;~Au detection region has
been significantly suppressed over the whole wavelength-
tuning range we are interested in. However, the wavelength-
tuning behavior for the P-i-N design is not linear, for the
same reason described earlier in the VCSEL section. Fig. 17
compares theoretical cavity-mode tuning characteristics for the
bottom-illuminated Schottky and p-i-n photodetector designs
shown in Fig. 15. In this calculation, the back DBR mirror for
the p-i-n structure is assumed to be 0.5 period (solid curve,
m = 1) or 1.5 periods (dash-dotted curve, m = 2) and the
SiO, layer is 100 nm.

In terms of photoresponse characteristics, it is very desirable
to have passbands with flat tops and steep sides. A novel
coupled-cavity structure has been proposed earlier to imple-
ment this requirement [42]. The idea is to add a low-loss cavity
that is optically coupled to the absorptive cavity via an inter-
mediate mirror. Fig. 18(a) shows the refractive index profile
of a coupled-cavity Schottky photodiode design. Preliminary
experimental result clearly demonstrates the expected coupled-
cavity effect. Modeling for an InGaAs-GaAs-AlGaAs design
reveals that this new coupled-cavity structure will be able to
show a 30-dB channel rejection ratio (in term of optical power)
even when the optical channel spacing is as narrow as 1 nm.
Fig. 18(b) shows a comparison of the theoretical reflectivity
spectra for the single-cavity (both Schottky and p-i-n) and
the coupled-cavity (Schottky) structures, where the absorption

‘coefficient for InGaAs QW’s is assumed to be 1.0 ym~1,

_Contrary to the demand for a high numerical aperture in
the transmitter design to reduce modal noise effects, a large
numerical aperture in optical fiber will significantly deteriorate
the photodetector performance. Fig. 19(a) shows the angular
variation of optical power absorption for incident planar waves
of different wavelengths for the Schottky design shown in
Fig. 15(a) with a normally incident resonant wavelength of
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wavelength of 978 nm. (b) Comparison of the angular variation of the resonant
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978 nm. As one can see, the apparent resonant wavelength
varies with the incident angle. This effect will broaden the
photoresponse and thus limit the minimum channel spacing.
Nevertheless, the problem is much more severe for the con-
ventional discrete dielectric filter and photodetector approach.
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Fig. 19(b) shows a comparison of the angular variation of the
resonant wavelength by using a resonant-cavity photodetector
(solid curve) or a SiO,-SiN, dielectric filter (dashed curve)
design. The resonant-cavity photodetector design can have
either dielectric or semiconductor DBR’s. As one can see,
for the 62.5-um-core fiber with a numerical aperture of 0.275,
the resonant-cavity photodetector design can allow a much
narrower channel spacing than the discrete dielectric filter
approach.

Preliminary measurements on an optical link built with
our bottom-emitting multiple-wavelength VCSEL array and
Schottky photodetector array have been performed. Fig. 20
shows the measured (normalized) photocurrents for three
detector channels in the optical link under the illumination
of each VCSEL channel. The achieved channel rejection
ratio is about 7 dB in photocurrent. The insert shows the
measured and theoretical photoresponse curves for one of
the detector channels at 970 nm. These response data were
taken by thermally tuning the VCSEL wavelength while the
theoretical curve was calculated by using the experimental
lasing spectrum incorporated with the numerical aperture
effect of multimode fiber as discussed earlier. As one can
see, the theory matches the data quite well. No high-speed
testing has been performed in this link because these first-
generation photodetector arrays are rather slow in speed.
Further improvement in high-speed design is required for
practical applications, such as using a semi-insulating substrate
and proton implantation to reduce parasitic capacitance.

Lastly, it is worthwhile to pay attention to the recent
progress in the development of monolithically integrated but
still individually optimizable VCSEL and photodetector arrays
for free-space interconnections [43]). Here, we propose a
second approach to build our WDM optical link by using
the newly developed multicore fibers [44]. Fig. 21(a) shows
a schematic diagram of the proposed link in which a top-
emitting multiple-wavelength VCSEL array [16] and a top-
illuminated wavelength-selective p-i-n photodetector array are
. monolithically integrated on the same chip. Fig. 21(b) shows
a SEM example of the top-emitting VCSEL PIE arrays. In
this system, wavelength-encoded data are transmitted through
a single dual-core 62.5-um-diameter multimode fiber. The
reason to use the top-emitting VCSEL structure is because
we can convert a top-emitting multiwavelength VCSEL array
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Fig. 21. (a) Schematic cross-section diagram of a proposed alternative WDM
optical link in which top-emitting multiple-wavelength VCSEL array and
top-illuminated wavelength-selective photodetector array are monolithicaily
integrated on the same chip and butt-coupled to a single dual-core multimode
fiber. (b) SEM example of the top-emitting VCSEL PIE arrays. (¢) The
3-dB optical bandwidth and cavity absorpton as a function of the remaining
top DBR periods for the case with or without AR~coating on top of the
photodetectors.

into a wavelength-matched WDM photodetector array simply
by etching away a few DBR periods out of the top mirror
to obtain the desired bandwidth and absorption. Therefore,
VCSEL’s and detectors can share the same epitaxial structure
and even the same anodic oxidation process for wavelength
tuning which thus provides “self-aligned” wavelength control.
However, the VCSEL-converted photodetectors will have a
broader photoresponse bandwidth than the previous described
high-Q cavity design. Fig. 21(c) shows the predicted 3-dB
optical bandwidth and cavity absorption as a function of the
remaining top DBR periods for the case with or without
antireflection (AR) coating on top of the photodetectors. The
function of this AR coating is to reduce the number of DBR
periods to be removed for the given bandwidth and absorption
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design. For example, if ~100% cavity absorption is chosen,
six or ten DBR periods have to be removed for the with-
AR and without-AR case, respectively. For both cases, the
resultant bandwidth will be around 2 nm which is much wider
than the 0.5-nm bandwidth in previous p-i-n designs, shown
in Fig. 18(b).

Even though the proposed and demonstrated WDM
links in this paper have been on the 980-nm wavelength
design, it is possible to implement the whole concept
onto other wavelengths, such as 850 nm. In this case, the
main difficulty is to achieve high-quality epitaxial regrowth
over the AlGaAs phase-tuning layers. Moreover, for both
VCSEL’s and photodetectors, the top-emitting [16] and top-
illuminating configurations have to be used to avoid the
substantial substrate absorption at 850 nm, which requires
much more complicated processing steps. However, it is very
helpful to use the transparent indium tin oxide films for the
top p-contact electrodes to simplify device processing.

IV. CONCLUSION

We have introduced two novel WDM optical data links for
low-cost LAN applications. These links utilize monolithically
integrated multiple-wavelength VCSEL arrays and narrow-
band resonant-cavity photodetector arrays to transmit multiple
channels of information simultaneously via one single-core or
dual-core multimode fiber. A detailed analysis on the physics
and designs of multiple-wavelength VCSEL and narrow-band
photodetector arrays has been presented. Preliminary measure-
ment results on our optical link have also been demonstrated.
We believe that these WDM optical data links will be powerful
solutions for next-generation data communications.
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Postgrowth Tuning of Semiconductor Vertical
Cavities for Multiple-Wavelength Laser Arrays

A. Fiore, Y. A. Akulova, J. Ko, E. R. Hegblom, and Larry A. Coldren, Fellow, IEEE

Abstract— Combined lateral-vertical oxidation of AlGaAs is
investigated as a means of tuning the resonant wavelength of
a semiconductor microcavity after the epitaxial growth. It is
shown that this technique can provide arrays with a wavelength
spread equal to the cavity’s free spectral range with a single
postgrowth processing step. Design issues for multiple-wavelength
vertical-cavity laser arrays using this postgrowth tuning tech-
nique are discussed, comparing the performance of devices with
all-semiconductor and partially or totally oxidized Bragg mirrors.
Experimental results are presented on arrays with a 48-nm lasing
span around 970 nm, using partially and totally oxidized mirrors.

Index Terms—Optical fiber devices, quantum-well lasers, semi-
conductor lasers, surfac-emitting lasers.

I. INTRODUCTION

AVELENGTH division multiplexing (WDM) has

become a popular approach to increase the data rate
in both long- and short-distance optical links. Multiple-
wavelength arrays of lasers and detectors are required
for WDM systems. Vertical-cavity surface-emitting lasers
(VCSEL’s) on GaAs substrates are ideally suited as sources in
short-haul WDM systems, as densely-packed two-dimensional
(2-D) arrays of surface emitters can be easily fabricated.
Recently, a compact “pie-shaped” array of VCSEL’s direct-
coupled to a single multimode fiber has been demonstrated
[1]. This ‘opens the way to WDM communication between
multiple-wavelength arrays of emitters and detectors coupled
to the same fiber [1], [2], eliminating the need for external
coupling optics. However, realization of these arrays requires
good control of the lasing wavelength over small areas
of the epitaxial wafer (typically the area of a multimode
fiber, ~ (30 um)?). The lasing wavelength in a VCSEL
is determined by the resonant wavelength of the vertical
cavity, since only one longitudinal mode exists within the gain
bandwidth. A variation in the physical thickness of the cavity
can be achieved by varying the growth conditions (e.g., the
temperature) over the wafer [3], or by using masked molecular
beam epitaxy [4]. However, these techniques are difficult to
apply to densely packed arrays with arbitrary wavelength
placement and also require unconventional growth techniques.
On the other hand, the physical length of the cavity can
be varied by anodic oxidation and etching of a controlled
thickness of semiconductor [5]. This technique was used to
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fabricate pie-shaped arrays [1] and requires an interruption
of the epitaxial growth at the end of the cavity, a multistep
etching, and then a regrowth of the top mirror, which makes
it questionable for low-cost device production. Moreover, this
technique is difficult to apply to arrays in the 850-nm band, for
use with Si detectors, since regrowth over AlGaAs would be
needed. Recently, it has been shown [6] that “over-oxidation”
of GaAs—Al-oxide distributed Bragg reflectors (DBR’s) results
in a shift of the cavity wavelength. This is attributed to the
change of phase shift upon reflection as more semiconductors
are transformed into the low-index oxide. Independently,
others [7] have demonstrated the use of lateral-vertical wet
oxidation to obtain a tapered profile of an Al-oxide layer..
Combining these two observations, we have proposed and
demonstrated [8] the use of lateral-vertical oxidation to
change the resonant wavelength of a semiconductor optical
cavity. This principle is shown in Fig. 1(a). A high Al-
composition AlGaAs layer (e.g., AlAs, “supply layer”) is
laterally oxidized from the etched side of a mesa in a water
vapor atmosphere at 400 °C-500 °C [9]. This provides a path
for a rapid lateral supply of the oxidizing species. An adjacent
Al.Ga;_;As (z = 0.7-0.9) “tuning layer” is then oxidized
vertically, at a (slower) rate controlled by the Al composition
and by the oxidation temperature. The change in the refractive
index from semiconductor (n = 3.0~3.6) to oxide (n = 1.6)
determines a variation of the optical thickness and, hence,
of the cavity wavelength. Note that the role of the supply
layer is essentially to provide a remote access to the cavity
after the epitaxial growth of both DBR mirrors. The amount
of tuning is controlled by the position' of the tuning layer
and its composition, by the temperature and duration of the
oxidation, and by the distance of the device from the etched
side. Since the combination of lateral and vertical oxidation
naturally provides tapering of the oxidized profile, devices at
different distances from the same etched side have different
resonant wavelengths. Altemnatively, oxidation mesas with
varying size can be centered on the devices [Fig. 1(b)]. In
this case, oxidation proceeds from the two sides, resulting in
a faster supply of oxidant to the center and faster tuning. In
both cases, multiple-wavelength arrays are realized in a single
postgrowth processing step.

This paper is organized as follows. In Section II, we present
measurements of the resonant wavelength shift for different
oxidation conditions. The design of multiple-wavelength VC-
SEL structures is described in Section III. It is shown that
the DBR mirror bandwidth determines the total tuning range
and the uniformity of device characteristics. All-semiconductor
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Fig. 1. Schematics (not to scale) of wavelength tuning in a VCSEL by using

lateral-vertical oxidation. The water vapor is supplied to the tuning layer
inside the cavity by the lateral oxidation of the supply layer. (a) Different
devices in the array are positioned at varying distances from a common edge
(A1 € A2 < Az < A4). (b) Each device is oxidized from the two sides of a
stripe (A1 < Az2).

DBR’s are compared to totally or partially oxidized DBR’s.
In Section IV, results on multiple-wavelength VCSEL arrays
are presented. Problems related to the use of oxidized DBR’s
are also discussed.

II. WAVELENGTH TUNING EXPERIMENTS

The sample used to measure the wavelength shift is a
top-emitting VCSEL structure and consists of a 24.5-period
GaAs-Alg 9Gag 1 As bottom DBR, a 4)g-cavity described be-
low, and a top DBR composed of two periods of GaAs-AlAs
and eight periods of GaAs-Alg.9Gag.; As Bragg pairs. The two
AlAs layers are designed to be \g/4 thick after oxidation
of AlAs. The center wavelength of the DBR stopband is
Ao = 980 nm. The choice of the partially. oxidized top
mirror will be justified in Section IIl. The cavity is com-
posed of, from the bottom to the top, an 86.1-nm-thick AlAs
oxidant supply layer, a 243.9-nm-thick Alp 7Gag 3As tuning
layer, one GaAs-Alg 9Gag 1 As Bragg pair, a 3/4)\¢ GaAs n-
contact layer, a Ag/4 Alp.9Gag.1As layer, a 1A¢ active region
with three 80-nm Ing,.13Gag g2 As—GaAs quantum wells at the
center, a 27-nm-thick Alg 9sGag.g2As layer (to be partially
oxidized) for current aperturing, and a 3/4A¢ p-GaAs contact
layer (see Fig. 9 for schematics of the VCSEL structure). All
interfaces between GaAs and a layer to be oxidized are linearly
graded to improve the mechanical stability. The tuning layer is
designed so that the Alg 7Gag 3As and the oxide form Ag/2 and
Ao/4 layers, respectively, when the Alg 7Gag 3As is vertically
oxidized by 80 nm. Fig. 2 shows the calculated resonant
wavelength as a function of the vertically oxidized thickness
Toxide, With the twc GaAs—AlAs pairs in the top DBR oxidized
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Fig. 2. Calculated resonant wavelength as a function of the vertically oxi-
dized thickness in a VCSEL cavity with two oxidized (continuous line) and
unoxidized (dashed line) DBR periods.

(continuous line) and unoxidized (dashed line). We assume
Toxide = 1.6 and 12% linear contraction in the thickness of
the oxidized layers [10]. The amount of tuning varies inversely
with the cavity length. Oxidation of the two DBR pairs results
in a shorter cavity length (due to the higher index contrast),
hence, in larger tuning. However, in this experiment, in order
to accurately measure the tuning due to the oxidation of the
Alp.7Gap 3As layer, we protect the top mirror and the aperture
layer from oxidation. This is because we found that oxidation
of the graded regions contiguous to these layers contributes
additional tuning, as already shown in [6]. Therefore, the
sample is prepared in the following way. First, stripes of
varying widths are reactive-ion-etched down to the n-type
GaAs contact. A 240-nm-thick SiN, layer is then deposited in
two steps to prevent oxidation of the exposed layers [11]. We
found that plasma-enhanced chemical vapor deposition at high
temperature (350 °C) provides a SiN, which is impermeable
to the water vapor in the oxidation furnace and can be used
for protection against wet oxidation. A set of larger stripes,
centered on the previous ones, is then etched down into the
bottom DBR in order to expose the supply layer. Inmediatety
before oxidation, a 30-s dip in NH4OH :H20 (1:10) is used
to remove any native oxide formed by atmospheric hydrolysis.
The sample is then oxidized at 465 °C, in a water-vapor
atmosphere created by bubbling N2 at 1.7 I/min in water at
80 °C [9]. ,

The resonant wavelength is measured by focusing a tunable
Ti : sapphire beam to an ~z4-um-diameter spot and looking at
the power transmitted through the cavity. Due to the spatial and
angular extension of the probe beam, the specwal resolution
(full-width at half-maximum (FWHM) of the transmission
peak) is about 3 nm. Two different regimes are studied, de-
pending on whether or not the stripes are completely oxidized
laterally. When the lateral oxidation is incomplete, the oxidant
supply for vertical oxidation comes from only one edge [see
Fig. 1(a)]. Fig. 3 shows the wavelength shift measured in two
samples oxidized for 35 min (squares) and 71 min (dots),
as a function of the distance from the etched edge where
the lateral oxidation starts. The resonant wavelength cannot
be measured in the first tens of micrometers next to the
etched edge, due to the unwanted lateral oxidation of the
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Fig. 3. Measured resonant wavelength shift as a function of the distance
from the oxidation edge, for samples oxidized at 465 °C for 35 min (squares)
and 71 min (dots). The shift is defined- with respect to the resonance at the
oxidation front. The continuous lines are third-order polynomial fits.

Alg.9Gag.1As layers in the bottom mirror, which changes the
cavity resonance. The wavelength shift is defined with respect
to the resonant wavelength at the oxidation front, where the
vertical oxidation is negligible. Since, for AA <30 nm, the
dependence of the wavelength shift on the oxidized thickness
is approximately linear (Fig. 2), the profile shown in ‘Fig. 3
also represents, with a change in sign, the tapering of the oxide
layer inside the tuning layer. The oxidized profile is nonlinear
and can be fitted by third-order polynomials (continuous lines
in Fig. 3). Although we do not have a model able to predict
this dependence, several factors contribute to the nonlinear
tapering. First, lateral oxidation is strongly diffusion-limited
for the oxidation times of interest. The measured lateral
oxidation kinetics of the supply laver is well fitted by Deal
and Groove-type kinetics [12]

M

where g is the laterally oxidized distance and t is the time,
with A = 36 um and B = 415 um?/min. On the other
hand, we expect the vertical oxidation to be reaction-limited
due to the very small reaction rate for the Alp7Gag 3As. The
vertically oxidized thickness Toxigze = ¥(z,t) is equal to the
vertical reaction rate integrated over the time the layer is
exposed to.the vertical oxidation

t
w(z,t) = / ® Cla,ty at @
to(z) Ny

z3 + Azg = Bt

where k, is the vertical reaction rate [12], N} is the number
of oxidant molecules incorporated into a unit volume of the
oxide layer, C(z, t) is the oxidant concentration at point z, and
to(z) is the time necessary for the lateral oxidation to reach
point z. However, since the lateral -oxidation rate is limited
by the transport of oxidant to the oxidation front, the vertical
oxidation, acting as a trap for the oxidant moving laterally
in the supply layer, will slow down the lateral oxidation
and change the concentration profile C(z) from the linear
dependence of the 1-D case. This nonlinear concentration
profile, as determined by the interplay between lateral and ver-
tical oxidation, produces, through (2), the oxidized thickness
tapering shown in Fig. 3.
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Fig. 4. Measured resonant wavelength shift in oxidized stripes of width V.
as a function of the distance from the stripe center. for a sample oxidized 35
min at 465 °C. The continuous lines are parabolic fits.
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Fig. 5. Wavelength shift measured in the center of the stripe as a function of
the stripe width W for different oxidation times. The oxidation temperature
is 465 °C. The continuous lines are third-order polynomial fits.

A second regime is established when the oxidation fronts
from the two sides of the stripes join in the center [see
Fig. 1(b)]. From this point on, the oxidant concentration profile
is determined uniquely by the vertical oxidation. Fig. 4 shows
the wavelength shift measured as a function of the distance
from the center of the stripe for different stripe widths W, in
a sample oxidized for 35 min at 465 °C. The wavelength shift
is defined with respect to the resonant wavelength measured
at the oxidation front in a nearby incompletely oxidized stripe.
The continuous lines are parabolic fits. As the stripe width gets
much smaller than the laterally oxidized distance, the tapering
profile becomes well represented by a parabolic law. This may
be interesting in view of the realization of intracavity lenses
[13], {14] using this lateral-vertical oxidation process. Also
note that, for a given oxidation time and distance from the
edge, much larger tuning can be achieved by supplying the
oxidant from two sides instead of just one. Intuitively, this
happens because, when the lateral oxidation is incomplete, a
large part of the oxidant supply is consumed by the lateral
oxidation instead of contributing to the tuning.

In view of device applications, it is particularly important
to optimize the wavelength shift in the center of the stripes.
Fig. 5 shows the wavelength shift measured in the center
as a function of the stripe width W for different oxidation
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Fig. 6. Wavelength shift measured in the center of the stripes in a sample

oxidized 41 min at 465 °C. before (triangles) and after (dots) oxidation of
the two AlAs pairs in the top DBR.

times. The continuous lines are third-order polynomial fits.
The maximum wavelength shift is 20% larger than the value
predicted by the simulation (Fig. 2). This is probably due to
more contraction in the oxidized thickness or lower refrac-
tive index than assumed. Note that, although the wavelength
dependence on the stripe width is nonlinear, linearly spaced
wavelengths can be obtained by choosing an appropriate stripe
. width sequence in the array. ‘
Next, we analyze the effect of the oxidation of the two AlAs
periods in the top DBR on the tuning characteristics. To do
0, wWe use a separate process as a first step toward a complete
VCSEL fabrication. Circular mesas, with diameters varying
from 3 to 15 um, are first defined by etching down through the
top DBR to the GaAs p-contact layer. Larger mesas, aligned
"with the existing ones, are then etched down to the n-contact
.layer. SiN,, is deposited as before and stripes, centered on the
mesas, are defined by etching down into the bottom DBR.
The sample is then oxidized for 41 min at 465 °C to provide
the tuning. SiN, is removed by CF, plasma etching and a
second oxidation is performed at 435 °C for 8 min. During
this time, the Bragg periods are completely oxidized, whereas
the aperture oxidation front does not reach inside the inner
mesa (i.e., it does not influence the optical mode). Due to the
shorter duration and lower temperature, this second oxidation
should result in a negligible additional vertical oxidation of
the tuning layer. Fig. 6 shows the wavelength shift measured
before and after the second oxidation. As predicted by the
simulations, the wavelength shift is enhanced by oxidizing the
AlAs layers in the top DBR. This experiment demonstrates
the effect of effective cavity length on tunability, which was
theoretically pointed out in [15].

0. MULTIPLE-WAVELENGTH VCSEL DESIGN

The goal in the design is to obtain characteristics as uniform
as possible over the desired wavelength range. We will con-
sider a general structure for a top-emitting double-intracavity
contacted VCSEL. This is composed of a bottom DBR, an
86.1-nm-thick AlAs oxidant supply-layer, a 243.9-nm-thick
Alg.7Gag 3As tuning layer, a 3/4)\¢ GaAs n-contact layer, a
Ao/4 Alp.9Gag.1As layer, a 1Ag active region with three 80-
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Fig. 7. Calculated relative change in top DBR transmission. absorption,
and enhancement factor, as a function of wavelength. in a VCSEL with
all-semiconductor DBR'’s.

nm Ing 15Gag g2 As—GaAs quantum wells at the center, a \g/4
Alg.98Gag g2 As aperture layer, a 3/4\g p-GaAs contact layer,
and a top DBR. This structure is similar to the one used for
the wavelength shift measurements, except that the separation
Bragg pair between the tuning layer and the active region are
absent. This separation period only reduces the tuning, which -
may be useful if a limited wavelength span is needed, but
it does not affect performance at a given wavelength. The
bottom DBR reflectivity is designed much to be higher than
the top one over the wavelength range of interest. Let us first
analyze the factors which limit uniformity of threshold gain in
a VCSEL with all-semiconductor (GaAs—Alg.9Gag 1As) DBR
mirrors. The threshold gain is proportional to the sum of
transmission and absorption losses and inversely proportional
to the enhancement factor. Its relative change with wavelength
is therefore determined by the changes in these quantities.
Fig. 7 shows the corresponding relative changes (Az/z) as a
function of wavelength. We assume an absorption coefficient
of 22 cm™? in the p-contact layer and in the aperture, 10 cm™?
in the n-contact, and 3 cm™! in the undoped regions. The
change in transmission through the unoxidized top (output)
DBR dominates the other factors and hence limits the threshold
gain uniformity. This also has an important consequence on
the structure design. The reflection at the Alg 7Gag 3As—oxide
interface in the tuning layer is out of phase with the reflection
from the bottom DBR for A # A¢. This strongly reduces
the bottom DBR reflectivity out of resonance. Therefore, the
mirror next to the tuning layer should never be chosen as the
output mirror, which limits the threshold uniformity. Reversing
the mirror order in the previous structure (i.e., making it
bottom-emitting). results in a relative threshold variation 5
times higher in the same wavelength range.

In order to increase the mirror bandwidth, a GaAs—(Al
oxide) DBR can be used [11], [16]. As already mentioned
(Fig. 6), the use of an oxidized DBR presents the additional
benefit of reducing the effective cavity length and thus results
in a wider wavelength range. Fig. 8 shows the calculated
percent change in threshold gain, Ag:in/gwn, for the refer-
ence VCSEL cavity, in the case of (a) all-semiconductor
18-period top and 35-period bottom DBR’s (dotted line), (b)
8-period semiconductor+2-period oxidized top and 35-period



620
250 L T T T T T
rNOX DER .
200 |- _ 3
= | P
< 150f ot ; J
£ [ 2 OX pairs 3 H ]
> L 1 N
\: . :
u;‘ .
<
ot . . ]
920 940 960 980 1000 1020
Wavelength (nm)
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semiconductor bottom DBR'’s (dashed line), (¢) all-oxidized
4-period top and 7-period bottom DBR’s (continuous line).
The number of periods is chosen to keep the peak reflectivity
and the differential efficiency comparable for the different
designs. Note that, for the structure with completely oxidized
DBR'’s, the threshold uniformity is no longer limited by mirror
transmission but rather by the variation in absorption losses.

The advantage of using oxidized DBR’s is apparent from’

Fig. 8. The choice will be determined by the desired total
wavelength span. Since fully oxidized DBR’s tend to suffer
from mechanical and thermal instability, the use of a hybrid
top DBR with only two oxidized periods may prove optimal if
a wavelength range of 40-50 nm is sufficient. An alternative
solution is, of course, the use of all-semiconductor chirped
DBR’s.

IV. DEVICE RESULTS

The results from two VCSEL structures are compared.
One structure uses hybrid oxide—semiconductor mirrors, and
the other uses all oxidized DBR'’s. Both use the standard
cavity structure described above, with an Alg 7Gag 3As—AlAs
tuning section, a bottom Si-doped (2x10'® cm~3) and a top
Be-doped (2x10'® cm™3) contact layers, and a 1) active
region with three 80-nm Ing 15Gag.g2As—GaAs QW’s. The
first structure, also used for the wavelength tuning experiments
described in Section II, has one separation Bragg pair between
the tuning layer and the bottom contact layer and uses a
24.5-period GaAs—-Alg 9Gag 1 As bottom DBR and a hybrid 8-
period GaAs—Alg 9Gag 1As and 2-period (next to the cavity)
GaAs—(Al oxide) top DBR. It has a calculated 58-nm wave-
length range, a threshold gain varying from 560 to 1770 cm™1,
and a differential efficiency from 30% to 60% over this range.
The photoluminescence peak is at 976 nm. Fabrication starts
with etching of two concentric circular mesas to expose the
p- and n-contact layers, SiN, deposition as described above,
and etching of stripes with varying widths for the tuning. The
first oxidation is performed at 465 °C for 40 min, then SiN,
is etched and the sample is oxidized again at 435 °C for 16
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in the top DBR. The peaks are numbered corresponding to the stripe
width number, #1 being the smallest (W = 60 pm) and #12 the largest
(W = 200 pm). Inset: threshold current as a function of wavelength. Output

from some devices (empty squares) is taken from the bottom, due to a gold
layer left on the top of the pillars.

min. This completely oxidizes the two AlAs layers in the top
DBR and leaves an unoxidized channel (6-8 pum diameter)
in the aperture layer for current flow. P-metal (Au-Zn—Au)
and n-metal (Ni-Ge-Au-Ni~Au) are then evaporated on the
corresponding contact layers. In order to avoid thermal stress
in thick oxide layers, the contacts were not annealed. Fig. 9
shows a schematic of the processed device.

The devices were tested at room temperature under dc
electrical pumping. Fig. 10 shows lasing spectra from devices
having different stripe widths. The peaks are numbered corre-
sponding to the stripe width, #1 being the smallest (W =
60 um) and #12 the largest (W = 200 um). Since the
devices were processed on a piece of the wafer away from
the center, the wavelength of peak DBR reflectivity is shifted
to Ap = 951 nm. Fig. 11 shows the net wavelength shift (with
respect to the largest stripe) as a function of the stripe width
W. A small gradient in resonant wavelength (1 nm/device),
due to growth, is subtracted to give the net tuning due to
oxidation. As expected, the lasing wavelength decreases with
decreasing stripe width. However, for W < 80 pm, the devices
start lasing in the longer wavelength mode, which:is closer to
the gain peak. The mode hopping takes place in this case
due to misalignment of the gain peak with the center of the
tuning range. A net 48-nm span is obtained by exploiting the
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Fig. 12. Light—current characteristics of VCSEL’s with two oxidized periods
in the top DBR. Inset: corresponding lasing spectra. The spectra were taken
at 1.5 times thieshold. :

two lasing modes. Note that the cavity’s free spectral range
is an upper limit to the total wavelength span. This further
demonstrates.the importance of minimizing the cavity effective
length by using oxidized mirrors. The inset in Fig. 10 shows
the threshold currents for 6-8-um-diameter apertures. Due to
a gold layer left on the top of the pillar, some of the devices
present high threshold currents (empty squares). Differential
efficiencies are correspondingly low.

In a second processing run, optimized processing and better
alignment with the gain peak provided threshold currents
<0.65 mA and differential efficiencies >30% over a 22-nm

wavelength span. Fig. 12 shows dc light-to-current charac-

teristics at room temperature. In the inset, the spectra for
different stripe widths are shown. The threshold currents (dots)
and differential efficiencies (squares) are plotted versus wave-
length in Fig. 13 for a 7-um-diameter aperture. The decrease
in differential efficiency away from the center wavelength
is due to an insufficient number of periods in the bottom
DBR. Away from resonance, increased transmission through
the all-semiconductor bottom DBR decreases the differential
efficiency and increases the threshold gain. This can be solved
by using a larger number of periods or an oxidized DBR.
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Fig. 13. Threshold current (dots. left axis) and differential efficiency
(squares, right axis) as a function of wavelength. The continuous lines
are guides to the eye.
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Fig. 14. Light—current characteristics of multiple-wavelength VCSEL’s with
totally oxidized DBR'’s.

A second structure uses all-oxidized four-period top- and
seven-period bottom DBR’s. Linear grading is used at each
interface to improve mechanical stability. In order to maximize
the total wavelength span, this structure has no separation
period between the tuning layer and the cavity. This results in
an 85-nm calculated wavelength span, with the corresponding
<60% threshold gain variation shown in Fig. 8. Processing is
similar to the previous sample; however, the duration of the
first (tuning) oxidation is reduced to 25 min. This is because,
for longer times, the smallest stripes become unstable and peel
off due to thermal stress during the second oxidation. This
is consistent with previous reports [6]. In the same way as
the tuning layer is vertically oxidized, oxidation also proceeds
through the grading layers in the bottom DBR and eventually
gets to the interface with GaAs. At this point, the layers
become mechanically unstable [6]. This is probably due to
the sharp interface between the oxides formed from AlAs and
GaAs [17]. ' . )

The devices lase over a 22-nm wavelength span around
955 nm. Fig. 14 shows light—current characteristics for 6.5-
pm-diameter devices, taken at 16 °C under dc electrical bias.
The corresponding threshold currents (dots) and differential
efficiencies (squares) are plotted in Fig. 15. The differential
efficiency strongly decreases toward shorter wavelengths, with
a corresponding increase in threshold current. We attribute
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this behavior to increasing losses in the over-oxidized bottom
DBR. Losses in the near-infrared were already observed in
oxidized multilayers [18] and attributed to mid-gap levels
produced by As incorporation in (Al)GaAs. This effect may
become more critical as the layers are subject to longer over-
oxidation, as is the case with the smaller stripes. An additional
source of high threshold current is the large misalignhment with
the gain peak, due to unoptimized growth.

These experiments show that, in order to- get better per-
formance from the all-oxidized DBR VCSEL array, over-
oxidation of the bottom DBR should be avoided. This is
possible by using a higher Al content in the AlGaAs tuning
layer, which will result in a faster vertical oxidation rate
and release the need for long oxidation times. Using lower
oxidation temperatures was also observed [19] to reduce the
optical loss.

V. CONCLUSIONS

‘We have shown that lateral-vertical oxidation can be used
to tune the resonant wavelength of a semiconductor cavity
after the epitaxial growth. This allows the fabrication of mask-

defined multiple-wavelength arrays of lasers and resonant

detectors using a single epitaxial growth on a conventional
substrate. We have studied the kinetics of this process and
demonstrated a 64-nm shift in the resonant wavelength. The
performance of multiple-wavelength arrays has been shown
to be limited by the bandwidth of the output mirror, and the
use of partially or totally oxidized DBR’s has been analyzed.
A VCSEL array with a 48-nm lasing span was demonstrated.
Threshold currents were <0.65 mA and differential efficien-
cies >30% over a 22-nm span. A multiple-wavelength array
with totally oxidized DBR’s was also demonstrated, and the
issues related to over-oxidation of the mirrors were discussed.
Whereas this demonstrates the feasibility of WDM arrays
using this technique, further work is needed to extend this
approach to 2-D densely packed arrays. For instance, in order
to fabricate “pie-shaped” arrays for monolithic coupling to a
single multimode fiber, a more complex 2-D oxidation pattern
must be used, capable of providing the right wavelength for
each element in the array. Device reliability issues related to
the presence of thick oxidized layers must also be addressed.
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Abstract

We present the crosstalk measured in multiple-wavelength vertical-cavity surface-
emitting laser (VCSEL) arrays under RF modulation. The array consists of eight bottom-
emitting VCSELs arranged with a “pie”-like configuration within a 60-um-diameter
circle with a 3-um spacing for coupling into a multimode fibre. The crosstalk is
investigated by measuring a cross-modulation response of two VCSELSs in the array using
a monochromator in an optical spectrum analyzer as a receiver. Excess crosstalk 1s
minimized by flip-chip mounting the array and introducing a proper bias condition. The
crosstalk observed in the adjacent VCSELs is less than —40 dB at the modulation

frequency below 700 MHz and it increases at 20dB/decade above this frequency when

both VCSELs are biased at 5.0mA.



Index Terms

Integrated optoelectronics, optical interconnections, laser arrays. vertical-cavity surface-

emitting lasers, wavelength-division multiplexing, crosstalk.




I. INTRODUCTION

The revolution of microprocessors has drastically increased the capability of data
processing, and now it gives rise to more severe requirements for computer interconnects
and local area networks. The networks have to transmit the data much faster while it
should cost less to build, manage, or reconfigure them. Recent advancements in
multimode fibre (MMF) links have proven that they are one of the promising candidates
to satisfy those demands [1]. These needs now attract increasing interest in wavelength-
division-multiplexing (WDM) configurations for the short-haul networks [2], [3]. WDM
not only increases data capacity in the networks, but it also makes their construction and

reconfiguration easier and cheaper.

We have demonstrated multiple-wavelength vertical-cavity surface-emitting laser
(VCSEL) arrays for the WDM transmitters of the MMF networks [4], [5]. The array is
designed to be coupled directly into a single MMF without any additional optics, so that
in each array eight VCSELs are arranged within a 60-um circle with a 3-um spacing. In
such a densely-packed array, crosstalk among the VCSELs is an important criteria to be
investigated because each VCSEL has to be operated independently in order to increase
the aggregate transmission rate of one array or to provide eight independent channels in a
WDM network. Three sources of crosstalk have to be considered in the VCSEL arrays:
thermal, electrical, and optical sources. The crosstalk in VCSEL arrays with 3-um pitches
has been reported regarding the thermal crosstalk at DC [6], [7]. RF-crosstalk

measurement has been performed between VCSELs separated by 1.6 mm in 16-



wavelength VCSEL arrays at a frequency up to 10 GHz [8]. The observed crosstalk is
less than —35 dB below 1 GHz. and between —10 and -30 dB at SGHz. We have
investigated the optical as well as thermal crosstalks in our VCSEL arrays in a frequency
range from 1 Hz to 10 MHz [9]. The optical crosstalk between the adjacent VCSELs was
reduced to less than —20 dB by biasing both of them near or above threshold, while the

thermal crosstalk was not found to be significant in our array.

In this paper, we investigate the crosstalk in our multiple-wavelength VCSEL array under
higher frequency RF modulation. The array is flip-chip bonded onto a GaAs submount
with 50-Q coplanar lines. This bonding scheme reduces excess electrical and thermal
crosstalk. The crosstalk is investigated by detecting the optical signal from one VCSEL
when another VCSEL is modulated with RF signals while the optical signal from the RF-
modulated VCSEL is cut off by a monochromator in an optical spectrum analyzer (OSA).
Both VCSELSs are biased above the threshold in order to minimize the optical crosstalk.
The crosstalk measured through the optical signal includes all the possible crosstalks, and

this data is the most meaningful in practice.
IL. MEASUREMENT SETUP

The multiple-wavelength VCSEL array [4] is flip-chip bonded on a semi-insulating GaAs
submount with 50-Q coplanar lines. The GaAs submount is put on an AIN submount
which also has 50-Q coplanar lines, and their coplanar lines are wire bonded together.
The GaAs submount is used to make exchanging the VCSEL arrays easier. The flip-chip

bonding eliminates series inductance due to bonding wires between the p-contacts of the



VCSELs and the coplanar lines, and minimizes external electrical crosstalk [10], [11]. It
aiso provides good heat-sinking, which reduces thermal crosstalk. The AIN submount is
set on a test fixture which has eight SMA connectors. Figure | shows a photograph of the

test fixture with the VCSEL array mounted on the submounts.

Figure 2 shows a measurement setup employed in our experiment. The crosstalk
measurement is performed by detecting the optical signals from VCSEL A when either
VCSEL A or B is modulated. Both VCSELs are biased near or above threshold in order
to minimize their optical crosstaik due to modulated spontaneous emission [9], and they
are modulated with RF signals from a network analyzer (HP 8510C). The optical signals
are collected with a microscope objective lens, and coupled into a MMF. The MMF is
connected to an optical spectrum analyzer (HP 70951A), which has the capability to
output the optical signal through its monochromator. This provides the optical signal
from only VCSEL A and cuts off the other. A lasing-wavelength spacing of the VCSELSA
is 3.0 nm in average, and with a 0.5-nm bandwidth of the monochromator an isolation

between the adjacent wavelengths is better than —50 dB in optical power.

The optical signal coming out of the OSA is detected with a high-speed photoreceiver
and an amplifier, and is measured by the network analyzer. The bhotoreceiver (New
Focus 1534) with high conversion gain (250 V/W) and the amplifier (New Focus 1422)
with low noise figure (8 dB) are employed, and the measured noise floor of the network

analyzer with the photoreceiver and the amplifier connected is equal to or less than —70



dBm below 2 GHz, and —100 dBm above that frequency. Another measurement was
performed using a microwave spectrum analyzer (HP 8566B) to increase a dynamic
range, especially in the frequency range below 2 GHz, while the network analyzer is still
used as an RF signal source. The spectrum analyzer has a variable resolution bandwidth,
and the noise floor can be reduced by narrowing it. With its minimum bandwidth, that is

10 Hz, -110 dBm noise floor was achieved in the whole frequency range.

III. RESULTS

The light output versus current characteristics, lasing spectra, and RF-modulation
responses are measured for all the VCSELs in the mounted array. Compared with the
results for the unmounted array [4], [5], no significant change is observed for the
mounted one. The crosstalk measurement is performed with two VCSELs, which are
referred to as VCSELs #4 and #5 in [4]. They are neighboring both in geometry and in
wavelength, which are 976 nm and 980 nm for VCSELs #4 and #5, respectively. The
threshold current is 2.0 mA for both VCSELs #4 and #5, and the 3-dB bandwidth and
resonant frequency are 3.8 GHz and 2.4 GHz for VCSEL #4, and 3.1 GHz and 2.0 GHz

for VCSEL #5 at the bias current of 5.0 mA.

Both VCSELs #4 and #5 are biased at 5.0 mA to achieve a 3-dB bandwidth higher than
3.0 GHz. The RF power is +2dBm, which provides the modulation depth of 6%. The
wavelength of the monochromator is set to the lasing wavelength of VCSEL #5, which is

979.9 nm. Figure 3(a) shows two modulation responses of VCSEL #5 in the frequency




range from 50 MHz to 6 GHz: one is the response when VCSEL #3 is modulated (labeled
as #5), and the other one is that when VCSEL #4 is modulated (labeled as #4). Their
difference is the crosstalk from VCSEL #4 to VCSEL #5, which is shown in Figure 3(b).
It is less than —40 dB below 700 MHz and it increases with frequency at 20dB/decade
above this frequency. It is —25 dB at the 3-dB bandwidth of VCSEL #5. This increase of
the crosstalk indicates that the dominant path of the crosstalk is an inductive coupling
between the VCLs which is independent of modulation depth [10], [11]. It has been
already confirmed that the thermal crosstalk is not significant even without any heat-
sinking [9]. The optical crosstalk is reduced to less than ~20dB by biasing both VCSELs

above threshold [9].

Figure 4 shows the crosstalk measured at the various bias currents of VCSEL #4 when
VCSEL #5 is biased at SmA. The crosstalk is decreased, not increased, by increasing the
bias current from OmA to ImA. This indicates that the maip source of the crosstalk is not
the optical coupling between the VCSELSs. The increase of the crosstalk with the decrease
of the bias current attributes to a decrease of the differentia) resistance of VCSEL #4,
which makes larger part of the current injected mto VCSEL #4 flow into VCSEL #5
through the electrical coupling. The measured value s comparable with the crosstalk
observed in the array in [8], which has much larger spacing. ThenVCSELs studied in this
paper are isolated with each other by deep trenches etched through the active region,
whereas the VCSELs reported in [8] are isolated by proton implantation. The trenches
prevent resistive coupling in the densely-packed array. The further reduction of the

electrical coupling can be expected by fabricating the VCSEL array on a semi-insulating

7



substrate and isolating the VCSELs with trenches etched down through n-DBRs, which

prevents the VCSELs from coupling to each other through a common n-layer.

IV. SUMMARY

We have measured the crosstalk in multiple-wavelength VCSEL arrays with a 3-pum
spacing which are designed to be coupled into a single MMF. In the densely-packed
VCSEL arrays, the crosstalk between the adjacent VCSELS is better than -25 dB up to the
3-dB bandwidth of the VCSELs. This means every VCSEL in each array can be operated
independently up to its 3-dB bandwidth in relatively low-dynamic-range applications.
Digital communication is one example, and the multiple-wavelength VCSEL array
studied here can increase the data capacity or provide other benefits of WDM networks.
The dominant source of the crosstalk is resistive coupling below 700MHz and
electromagnetic coupling for higher frequency, and it can be further improved by
completely isolating the VCSELs using semi-insulating substrates and deep trenches

etched through n-DBRs.
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Figure captions

Fig. 1. Photograph of a test fixture for RF crosstalk measurement. In the test fixture. a
multiple-wavelength VCSEL array is flip-chip bonded onto a GaAs submount, which is

put on an AIN submount.

Fig. 2. Schematic of a RF crosstalk measurement setup. An RF signal from a network
analyzer modulates either VCSEL A or VCSEL B, both of which are biased near or

above threshold.

Fig. 3. (a) Modulation responses of VCSEL #5 when it is modulated (labeled as #5) and
when VCSEL #4 is modulated (labeled as #4). (b) Crosstalk from VCSEL #4 to VCSEL

#5 which is derived from the results shown in (a).

Fig. 4. Crosstalk measured as the bias current of VCSEL #4 is OmA, ImA, and SmA.

VCSEL #5 is biased at SmA
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